CURRENT ESTIMATES indicate that approximately half of the human population lives in urban locations. If one would ask the average inhabitant of most of these cities about the situations to which they are exposed on a daily basis that could put their health at risk, some of the answers would most likely be traffic, noise, general stress and, perhaps, air contamination. In general, people know that continuous exposure to air pollution might have some negative consequences, such as enhanced chance of suffering cardiovascular and lung diseases, although most of us may not be completely aware of the real danger of this situation: that air pollution is thought to be responsible for more deaths every year than those attributed to traffic accidents (1) .
Air pollution is a complex mix of different substances, of which its composition can vary at different locations. In addition to sulfur dioxide, ozone, and nitrogen dioxide, air pollution is composed of particulate matter (a mixture of solid and liquid particles with different diameter that are suspended in the air). Fine particular matter (i.e., with a diameter Ͻ2.5 m; PM2.5) can penetrate into the gas exchange region of the lung and disseminate to other parts of the body (1). Importantly, it is believed that these particles could be responsible for a substantial part of the cellular effects of air pollution. However, a full understanding of the mechanisms for such effects is not yet available.
In their article in this issue, Laing et al. (3) shed light on the mechanism by which fine particulate matter affects lung and liver cells by showing that chronic exposure to these particles interferes with the normal functioning of the endoplasmic reticulum (ER) and stimulates the ER stress response.
The ER is an organelle with crucial functions in eukaryotic cells, including lipid biosynthesis, intracellular calcium (Ca 2ϩ ) storage and synthesis, folding, and posttranslational modification of proteins that are secreted or located in the plasma membrane. Various physiological and pathological situations, including hypoxia, ER Ca 2ϩ depletion, or oxidative injury may cause an imbalance between ER protein folding load and capacity, thereby leading to the accumulation of unfolded proteins in the ER lumen, a condition referred to as "ER stress". ER stress activates several integrated signal transduction pathways that together comprise the unfolded protein response (UPR). The UPR primarily aims at decreasing the protein load on the ER by coordinating a temporal blockade in protein translation along with a transcriptional program to increase ER folding capacity. If this transcriptional program fails to reestablish proper ER homeostasis, persistent ER stress induces cell death usually by activating apoptosis.
The UPR is regulated by three transmembrane ER stress sensors: double-stranded RNA-activated protein kinase (PKR)-like ER kinase (PERK), inositol-requiring enzyme 1 (IRE1), and activating transcription factor 6 (ATF6), which are kept in an inactive state by binding to the ER chaperone binding immunoglobulin protein (BiP) (2, 5) . When ER homeostasis is Fig. 1 . Exposure to particulate matter activates the endoplasmic reticulum (ER) stress response. Exposure to fine particulate matter (PM2.5) activates three different arms of the unfolded protein response (UPR). Oxidative stress leads to protein kinase (PKR)-like ER kinase (PERK) activation, eIF2␣ phosphorylation, increased translation of ATF4 and upregulation of the ER stress-related pro-apoptotic protein C/EBP homologous protein (CHOP). In addition PM2.5 also triggers activation of ATF6 and (part of the responses regulated by) inositol-requiring 1␣ (IRE1). The participation of the IRE1 and ATF6 arms of the ER stress response in the proapoptotic action of ER stress unfolded protein response induced by particulate matter remains to be clarified. perturbed, misfolded proteins become bound to BiP, allowing the deinhibition of these ER sensors, which, in turn, activates an ER-to-nucleus signaling pathway that transmits information across the ER membrane by promoting the activation of transcription factors (Fig. 1) . The genetic program activated by the UPR results in upregulation of the folding machinery along with an expansion of the ER lumen and enhanced degradation of misfolded proteins. If the ER stress signal is too strong or prolonged, this program can increase the expression of certain pro-apoptotic proteins.
In their study, Laing et al. exposed mice to air pollution for 10 wk. Analysis of the liver and lung from these animals showed dilation of the ER (one of the hallmarks of ER stress) together with signs of increased oxidative stress. Different observations included in the paper suggest that ER stress activation upon exposure to air contaminants might be mechanistically connected with the ability of particulate matter to promote oxidative stress. Moreover, the results also support the idea that stimulation of ER stress might play a crucial role in the ability of particulate matter to induce apoptosis in the lung (suggesting that this could be one of the mechanisms by which air pollution promotes cytotoxic effects in both the lung and liver).
This pro-apoptotic effect of particulate matter-induced ER stress seems to rely on the stimulation of the protein kinase-like ER kinase (PERK)-regulated arm of the unfolded protein response. PERK is one of three ER stress sensors present in the ER membrane [and one of the four upstream kinases of the eukaryotic initiation-translation factor 2␣ (eIF2␣)]. Thus, upon activation by ER stress, PERK phosphorylates eIF2␣. This event attenuates general protein synthesis and facilitates the selective translation of several ER stress genes, including the transcription factor ATF-4, which regulates the expression of additional genes, including the pro-apoptotic transcription factor CAAT/enhancer binding protein (C/EBP) homologous protein (CHOP) (2, 5) . By using a series of different experimental approaches, Laing et al. show that increased apoptosis following particulate matter exposure requires the activation of the PERK-eIF2␣-ATF4-CHOP signaling pathway. The authors provide additional data to suggest that reactive oxygen species (ROS) production is required for the triggering of this pathway. In support of the in vivo relevance of these observations, the authors found that particulate matter-induced apoptosis was less evident in the lungs of CHOP-deficient mice than of their wild-type counterparts. These and other observations suggest that stimulation of the PERK/eIF2␣ arm of ER stress by fine particulate matter contributes to the lung toxicity associated with exposure to air pollution.
Laing et al. found that particulate matter exposure activates not only the PERK/eIF2␣, but also the ATF6 and inositol requiring 1␣ (IRE1), arms of the ER stress response. Upon activation in response to ER stress signals, activation transcription factor 6 (ATF6) is translocated to the Golgi and cleaved at a juxtamembrane site by the site 1 and site 2 proteases (S1P and S2P). ATF6 then can move to the nucleus where it forms active homodimers or dimerizes with other transcription factors. IRE1 is a type I transmembrane protein that contains both kinase and endoribonuclease (RNase) domains. In cells undergoing ER stress, activation of IRE1 results in transautophosphorylation and activation of the RNase domains, which excise a 26-nt sequence from unspliced X-box binding protein 1 (XBP1u), producing the spliced form of XBP1 mRNA (XBP1s). XBP1s encodes a transcription factor that regulates the expression of several genes involved in ER quality control mechanisms. In addition, IRE1 can serve as a molecular platform for the recruitment of the adaptor protein TNF receptor-associated receptor 2 (TRAF2), which can activate the apoptosis signal regulating kinase 1 (ASK1), a mitogen-activated protein (MAP) kinase kinase kinase (MAP3K) of the c-Jun NH 2 -terminal kinase (JNK)/p38 MAPK pathway and thereby to JNK stimulation. Finally, IRE1 has also been recently implicated in the regulated IRE1-dependent decay (RIDD), a process by which the turnover of RNAs encoding for several membrane proteins is accelerated. Intriguingly, in addition to PERK/eIF2␣ and ATF6, exposure to PM2.5 seems to stimulate only part of the signaling mechanisms associated with IRE1 activation. Thus particulate matter promotes JNK activation as well as a decrease in the expression of several genes regulated through the RIDD response but does not activate the splicing of XBP1. By contrast, sXBP1 levels are reduced rather than increased upon PM2.5 exposure. In line with these observations, a recent study (4) has proposed that the spliced and unspliced forms of XBP1 may play different roles in the response to oxidative stress by differentially regulating catalase expression. The differential regulation of the IRE1 arm of the UPR might be part of the mechanism through which a pro-apoptotic (and potentially pathogenic) ER stress response becomes selectively activated (thus avoiding the transcription of several protective genes controlled by sXBP1). Nevertheless, the study by Laing et al. does not clarify whether JNK activation, stimulation of RIDD, or decreased levels of sXBP1 participate together with CHOP in promoting apoptosis, an issue that deserves further investigation.
The ER stress response is thus a very complex network of signaling pathways in which different stress situations that affect the ER trigger different gene expression programs and yield different physiological responses. The study by Laing et al. shows that fine particulate matter activates some of the signaling mechanisms associated with the UPR to promote apoptosis. Identifying the molecular events by which PM2.5 selectively activates this response (including those related to oxidative stress) should therefore aid in understanding of the cell death-promoting actions associated with ER stress. In addition, although further investigation is required to clarify this point, these results suggest that new pharmacological approaches (based on the inhibition of the ER stress response) might be able to alleviate or prevent some of the outcomes associated with the chronic exposure to air pollution.
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